Introduction
============

Yin Yang 1 (YY1), also known as NF-E1, UCRBP, CF1 and δ, is a multifunctional zinc-finger transcription factor. It can act either as a transcriptional activator or a repressor depending on the cofactors that it interacts with, thus named Yin Yang 1 ([@bat007-B1]). YY1 is highly conserved among different species and ubiquitously expressed in various tissues and cells. Since its initial discovery, YY1 has been demonstrated to play vital roles in numerous biological processes and systems such as development, differentiation, cellular proliferation, invasion, apoptosis, tumorigenesis as well as regulation on viral gene expression ([@bat007-B1]).

The multifunctional property of YY1 mainly stems from its strong binding to a DNA sequence CGCCATNTT and its ability to physically interact with a large number of cellular factors. It was estimated that \>7% of vertebrate and 24% of viral promoters contain the above YY1 consensus sites in their regulatory regions ([@bat007-B2]). YY1-interacting proteins range from co-repressor, co-activator to general transcription factors such as TATA-binding protein (TBP), TBP-associated factors and Transcription factor II B (TFIIB) ([@bat007-B1]). Various interacting modes determine its regulatory mechanisms at different target promoters. For example, we have demonstrated that YY1 recruits Ezh2 (Enhancer of Zeste Homolog 2, a histone 3 lysine 27 methyltransferase) containing Polycomb silencing complex to repress multiple genes expression in skeletal muscle cells ([@bat007-B3]). YY1 interaction with Smad3 leads to the repression of miR-29 promoter during myoblasts transdifferentiation into myofibroblasts ([@bat007-B6]). YY1 can also interact with CREB-binding protein (CBP) and E1A binding protein p300 to activate promoters ([@bat007-B7]). These findings highlight the fascinating complexity of YY1-involved gene regulation. Despite these advances, further identification of YY1 targets and its interacting partners are needed to gain a comprehensive view of its mechanisms of action.

Recent efforts on genome-wide mapping of YY1 binding using high-throughput technologies, including Chromatin ImmnoPrecipitation (ChIP)-seq and ChIP-on-chip, have provided us vast amount of information on YY1 global binding ([@bat007-B8]). However, it is not easy to obtain these data, as they are often hiding throughout different places. To integrate the available YY1-binding loci and their associated annotation information, we have created a web-based comprehensive database YY1 Target loci Database (YY1TargetDB, <http://www.myogenesisdb.org/YY1TargetDB>). This database mainly contains YY1-binding loci identified from 17 ChIP-based (i.e. ChIP-seq and ChIP-on-chip) high-throughput datasets. Computationally predicted YY1 and cofactor binding motifs within these loci were also collected; in addition, 42 YY1-binding motifs experimentally verified by individual laboratories were included. YY1TargetDB was implemented as a browsable database and integrated with a locally installed UCSC genome browser to facilitate the data exploration and visualization at the whole-genome level.

Data acquisition and database implementation
============================================

The current version of YY1TagetDB has collected YY1 binding and associated gene regulatory information for two species, human and mouse, in 15 different cell lines. The database is composed of three types of data: (i) experimentally verified YY1-binding motifs, which were collected manually from the literature and examined by individual laboratories by EMSA or ChIP-PCR assay in addition to reporter assay or expression analysis; these motifs are associated with target genes that are physically bound and directly regulated by YY1; (ii) YY1-binding loci identified from ChIP-based high-throughput methods, including ChIP-seq and ChIP-on-chip; binding motifs were computationally predicated from these loci and the associated putative target genes were identified to infer any cofactors that may cooperate with YY1 function. A work flow comprising two major data-analysis pipelines illustrates the data-processing steps ([Figure 1](#bat007-F1){ref-type="fig"}). Figure 1Schematic overview for YY1TargetDB data acquisition and database implementation. The experimentally verified YY1-binding motifs were collected from literatrues, mapped to the reference genomes and stored in the database. High-throughput (ChIP-seq or ChIP-on-chip) experimental datasets were downloaded from NCBI GEO server and processed by our analysis and annotation pipeline. The identifed YY1-binding loci, computationally predicted YY1 and its cofactors binding motifs were deposited into YY1TargetDB. The database in integrated with locally installed UCSC genome browser to visualize YY1-binding loci and assoicated annotation information.

Identification and mapping of experimentally verified YY1-binding targets
-------------------------------------------------------------------------

Collecting experimentally verified YY1-binding motifs from published articles and identifying relevant information by mining data were conducted mainly by manual inspection. A total of ∼70 YY1-binding motifs were reported in the literature with ∼60 from human and mouse. The motif sequence and coordinates given in the article were used when possible. In many cases where the exact genomic coordinates were not given, YY1-binding motif and flanking sequences (usually \>50 bp) were used to retrieve the coordinates from the target gene promoter sequences available at UCSC. In a few cases, the claimed YY1-binding motifs from articles could not be located probably owing to the incorrect information reported. For simplicity, the database only contains the annotation for one genome assembly per species: hg19 was used for human and mm9 for mouse.

As a result, we have collected 42 experimentally verified YY1-binding motifs, corresponding to 21 target genes from human and 10 from mouse ([Table 1](#bat007-T1){ref-type="table"} and [Supplementary Tables S1--S2](http://database.oxfordjournals.org/lookup/suppl/doi:10.1093/database/bat007/-/DC1)). The motif sequences, genomic coordinates, associated target genes, cell line information and PubMed Identifier (IDs) were all stored in the database. The effort will be continued in reviewing the literature and collecting these data periodically to ensure inclusion of recently published data. Table 1Summary of experimentally verified YY1-binding motifsSpeciesBinding motifsTarget genesCell linesHuman292124Mouse13107

Identification and annotation of YY1-binding loci from ChIP-seq/ChIP-on-chip data
---------------------------------------------------------------------------------

High-throughput methods have provided a promising way to study transcription factors and DNA interactions at the genome-wide level. We took advantage of the publicly available ChIP-seq and ChIP-on-chip data. A total of 16 ChIP-seq datasets corresponding to 14 cell lines were obtained, among which 5 were from individual researchers and the other 11 were recently published from the ENCODE consortium ([@bat007-B13], [@bat007-B14]) ([Supplementary Table S3](http://database.oxfordjournals.org/lookup/suppl/doi:10.1093/database/bat007/-/DC1)). To identify highly reliable YY1-binding loci from these datasets, we processed raw reads by aligning to hg19/mm9 reference genomes with SOAP2 ([@bat007-B15]) before using MACS ([@bat007-B16]) with stringent criteria ([Supplementary Table S4](http://database.oxfordjournals.org/lookup/suppl/doi:10.1093/database/bat007/-/DC1)) for peak identification. In a few cases where raw reads were unavailable for downloading and processing, a 'liftover' tool from UCSC was used to simply convert the genomic coordinates of the originally identified loci to Hg19 or Mm9 reference genomes. YY1-binding motifs within each of the above identified locus were further predicted using STORM program ([@bat007-B17]), and binding motifs for potential cofactors were identified with coMOTIF program ([@bat007-B18]) ([Table 2](#bat007-T2){ref-type="table"}). To further validate and prioritize the identified YY1 cofactors, we also used different programs in our pipeline for YY1-binding motif prediction and cofactor identification. For example, we used Tree-based Position weight matrix Discriminative approach (TPD) ([@bat007-B19]) instead of STORM for YY1-binding motif prediction. We also used W-ChIPMotifs ([@bat007-B20]) for the *de novo* identification of YY1 cofactors within the top-ranked YY1-binding loci. Only one ChIP-on-chip dataset was available and the YY1-binding loci were identified using a method described in ([@bat007-B12]). We should point out that binding loci (peaks) refer to the larger regions produced by ChIP-based experiments, while binding motifs refer to the predicted YY1-binding sequence within each locus, so binding loci have a one-to-many relationships with binding motifs, in other words, one locus may contain multiple binding motifs. Table 2Summary of identified YY1-binding loci, predicted YY1 and cofactor binding motifs from ChIP based datasetsNoData sourcesSpeciesMethodsCell linesNumber of YY1-binding lociNumber of predicted YY1 motifs% of loci with YY1 motifsNumber of CofactorsNumber of predicted cofactor motifs1ENCODE/HAIBHumanChIP-seqA5495855879648.8%910 0222ENCODE/HAIBHumanChIP-seqGM1287811 96411 02636.1%1198133ENCODE/Stanford/Yale/USC/HarvardHumanChIP-seqGM1287810352791.3%62614ENCODE/HAIBHumanChIP-seqGM128913831815064.4%754745ENCODE/HAIBHumanChIP-seqGM128923967911569.3%768086ENCODE/HAIBHumanChIP-seqH1-hESC541613 14370.4%1394537ENCODE/HAIBHumanChIP-seqHCT-116905410 18138.6%768198ENCODE/HAIBHumanChIP-seqHepG24761649847.4%1083209ENCODE/HAIBHumanChIP-seqK56217 91629 49751.7%916 29610ENCODE/HAIBHumanChIP-seqSK-N-SH_RA4383904364.4%8594911ENCODE/Stanford/Yale/USC/HarvardHumanChIP-seqNT2-D14505957763.7%3421712Cuddapah *et al.* Genomic profiling of HMGN1 reveals an association with chromatin at regulatory regions. *Mol. Cell Biol.* 2010HumanChIP-seqCD4+ T cells4280594042.5%9444113Hernandez/Herr Lab, University of Lausanne, Switzerland, 2012, unpublished.HumanChIP-seqHeLa-S cells269116488.8%855814Li *et al.* YY1 regulates melanocyte development and function by cooperating with MITF. *PLoS Genet.* 2012.HumanChIP-seqMALME-3M, Melanocyte7713933754.9%1422 70115Gebhard *et al.* General transcription factor binding at CpG islands in normal cells correlates with resistance to De novo DNA methylation in cancer cells. *Cancer Res*. 2010.HumanChIP-on-chipMynocytes (CD14+)4472711947.5%7880116Mendenhall *et al.* GC-rich sequence elements recruit PRC2 in mammalian ES cells. *PLoS Genet*. 2010.MouseChIP-seqMurine ES cells1093499483.3%10258017Vella *et al.* Yin Yang 1 extends the Myc-related transcription factors network in embryonic stem cells. *Nucleic Acids Res*. 2012.MouseChIP-seqMurine ES cells273213 05183.5%118246

As a result, we have collected 92 314 YY1-binding loci from the above high-throughput data. In all, 157 158 consensus YY1-binding motifs were found in these loci, suggesting direct physical interactions with YY1. These sites were associated with 13 247 genes (human, 11 682; mouse, 1 565). Among these, 5 232 genes (human, 4118; mouse, 1 114) contain at least one YY1 motif in their proximal promoter region (−5K to +2K of the transcription start site). It is highly likely that these genes are direct regulatory targets of YY1. Nevertheless, expression data are needed to confirm their expression is indeed subjected to YY1 control. Many loci contain both YY1 and other transcription factor binding motifs nearby, in agreement with YY1's co-operative nature with many cofactors.

Database organization
---------------------

YY1TagetDB was designed based on an entity relationship model ([@bat007-B21]) ([Supplementary Figure S1](http://database.oxfordjournals.org/lookup/suppl/doi:10.1093/database/bat007/-/DC1)). It stores all the information in 5 tables '*experiments*', '*chip_loci*', '*computed_bs*', '*verified_bs*' and '*genes*'. The table 'experiments' collects important experimental details, e.g. experimental method, cell line, protocol, treatment and antibody. The 'chip_loci' table stores identified YY1-binding loci from ChIP-based experiments and related annotations such as the number of predicted motifs within each locus, the nearest genes and so forth. The table 'computed_bs' stores computationally predicted YY1 and cofactor binding motifs. The experimentally verified binding motifs were stored in the 'verified_bs' table. The table 'genes' collects the gene annotation originally from NCBI RefSeq gene ([@bat007-B22]) and the interaction types (i.e. direct, indirect, unknown) between YY1 and the associated genes. A 'direct' interaction type is defined if the promoter region (−5K ∼ +2K bp from transcription start site) of a given gene contains YY1-binding locus and at least one experimentally verified or computationally predicted YY1 motifs within the locus. An 'indirect' interaction type is established if the promoter region contains YY1-binding locus but not any motifs. In this case, the binding is probably mediated by another transcription factor indirectly. However, we cannot exclude the possibility that a novel binding motif mediates direct YY1 binding to this locus. If a gene associates with neither a binding locus nor motif, the interaction type is defined as 'unknown'.

Web interface and data visualization
====================================

YY1TargetDB can be accessed at <http://www.myogenesisdb.org/YY1TargetDB>. It was implemented as a web-based relational database with user-friendly web interface for searching and browsing. MySQL was used as backend database, and a locally installed UCSC genome browser ([@bat007-B23]) was integrated with Common Gateway Interface (CGI) scripts (Python) for data visualization. All of the data are available for download as a MySQL dump file, along with the database schema, through the 'Download' link on the website. The search results can also be downloaded through the download function provided in the search result web page in text format.

To query the database, users may retrieve YY1-binding information in several ways. First, they may browse the database through the 'browse' webpage. This feature enables users to explore our database conveniently by selecting some of the basic filters without knowing too much prior information. On this webpage ([Figure 2](#bat007-F2){ref-type="fig"}A), users can first select the species (i.e. human, mouse or both without selecting). They may then browse either 'experimentally verified binding motifs' or 'computationally predicted binding motifs based on high-throughput mapping'. The latter is further specified by three filters: experimental type (ChIP-seq or ChIP-chip), cell line and chromosome to locate the information more specifically. When browsing through 'experimentally verified binding motifs', the database table will provide detailed information about the genomic location of the verified YY1-binding motifs: sequence, target gene, cell line and publication source (PubMed ID). A hyperlink has been implemented for each binding motif leading to the visualization of the motif ([Figure 2](#bat007-F2){ref-type="fig"}B). When browsing through 'computationally predicted binding motifs', the identified YY1-binding loci with the number of predicted motifs within this region and other related annotations will be presented. Users can further explore the details and the data visualization by clicking the hyperlink ([Figure 2](#bat007-F2){ref-type="fig"}C). User can also browse the data by selecting the specific YY1 cofactors through the options provided by the 'computationally predicted cofactors of YY1' section ([Figure 2](#bat007-F2){ref-type="fig"}A). Figure 2Screen shot depicting the browsing interface. (**A**) Web interface for browsing the experimentally verified or computationally predicted YY1-binding motif. (**B**) Tabulated presentation for experimentally verified YY1-binding motifs. A hyperlink was implemented for further data visualization. (**C**) Tabulated presentation for identified YY1-binding loci. A hyperlink was implemented for further visualization of computationally predicted YY1-binding motifs under each locus.

In addition to browsing the database, users may retrieve information through two types of searching. (i) Basic Search. This search option enables users to query the database for different species (i.e. human or mouse) together with one of the four keywords: (a) a specific genomic region; (b) gene symbol; (c) RefSeq accession number or (d) NCBI Gene ID ([Figure 3](#bat007-F3){ref-type="fig"}). Similar to doing search on the UCSC genome browser, a genomic location in the format of chr1:1000--20 000 can be entered as a search keyword to retrieve all the data within this region. For example, a search for the region of chr11:69 393 735--69 394 175 in mouse genome will lead to a display of Trp53 gene, which contains one experimentally verified YY1-binding motif and two computationally predicted motifs within four YY1-binding loci in its promoter region. (ii) Advanced Search. This search option enables users to query the database with the same keyword as basic search but more specific criteria such as experimental type (i.e. ChIP-seq or ChIP-on-chip), species (i.e. human or mouse) and cell line ([Figure 3](#bat007-F3){ref-type="fig"}). Figure 3Search options for YY1 TargetDB. Users can perform basic search or advance search.

To visualize and present the searching results, we provide a graphic visualization supported by a locally installed customized UCSC genome browser and tabulated detailed information below ([Figure 4](#bat007-F4){ref-type="fig"}). Each data source is assigned a separate track in the visualization. On the top, a RefSeq gene track displays the RefSeq gene transcripts falling into the searched region. The experimentally verified motifs and YY1-binding loci from ChIP mapping were also visualized as tracks, followed by the computationally predicted binding motif tracks for YY1 and cofactors as well as a cross-species conservation track. The data visualization also allows browsing the genome by shifting the regions left or right and zooming in and out. Figure 4Screen shot depicting the data visualization using integrated UCSC genome browser and the tabulated information.

Below the graphic visualization, three tables display the details of each track. YY1-binding motifs in the searched genomic regions are presented as two tables: (i) 'experimentally verified' ([Figure 4](#bat007-F4){ref-type="fig"}). It contains the following information: species, motif ID, motif name, chromosome number, start, end, motif sequence, nearest gene symbol, cell line, strand and PubMed ID. (ii) The computationally predicted binding motifs are presented in the second table named 'computationally predicted' ([Figure 4](#bat007-F4){ref-type="fig"}). This table contains the priority of the YY1 cofactor, the cofactor, binding loci with cofactor's binding motif, nearest gene, genomic region (promoter, body or intergenic), start, end, strand, sequence, STORM score, PubMed ID, cell line and methods (i.e. ChIP-seq or ChIP-on-chip). The priorities of the YY1 cofactors in this table were calculated based on the occurrences of the cofactors in all the cell lines included in the database. The highest priority, 100, was set for YY1 itself. The third table, 'Genes within this region', contains annotation information of the RefSeq gene transcripts found in the searchable region, e.g. gene symbol, synonymous, binding type, RefSeq ID, Gene ID, chromosome, strand, transcript start and end positions.

Discussion
==========

In this study, we have developed the first and only available comprehensive data management system for the collection, identification and analysis of YY1-binding loci/motifs in human and mouse genomes. This database aims to facilitate the hypothesis generation through high-throughput data by the individual researchers. The current version collects 157 200 YY1-binding motifs with 42 verified experimentally and 157 158 predicted from high-throughput derived data.

In our study, we also identified 47 YY1 cofactors, which may work together with YY1 and regulate their target genes. To gain more confidence and prioritize our identified YY1 cofactors, we applied TPD, a more recent and sophisticated TF binding site tool, to predict the existence of YY1-binding motifs in the YY1-binding loci and then used coMOTIF program to identify the potential YY1 cofactors among the top 500 YY1-binding loci based on TPD prediction. We found that 72% (34/47) of our previously identified YY1 co-factors can also be identified through TPD followed by coMOTIF. Similarly, we have also used W-ChIPMotifs to *de novo* identify YY1 cofactors. The results indicated that ∼30% W-ChIPMotifs identified YY1 cofactors overlaps with previously identified YY1 cofactors with coMOTIF program. In this study, by using multiple programs for the identification of YY1 cofactors or ranking these cofactors based on their occurrences in different cell lines and predicting programs provides a scoring system that can be used to systematically prioritize the cofactors for the future downstream validation.

The first of several distinguishing features of YY1TargetDB is that it collects an unprecedented large number of genome-wide datasets. This not only includes 6 published YY1 ChIP-seq and ChIP-on-chip data from various biological systems but also 11 recently published datasets from ENCODE ([@bat007-B13]). The vast amount of high-throughput data generated by ENCODE has provided tremendously valuable resources but we realized that the numbers of YY1-binding loci provided in original ENCODE datasets are large. To reduce false positive peaks, we re-processed the raw data using stringent parameters to identify 92 314 high-confidence binding loci for 15 different cell lines, and 157 158 binding motifs were further predicted from these regions. The second feature is that we not only predicted YY1-binding motifs from the binding loci but also identified many cofactors that could function together with YY1. This is in agreement with the known interactive nature of YY1. Among the identified cofactors, some have been previously demonstrated such as Sp1 and E2F ([@bat007-B24], [@bat007-B25]). Many are unknown, suggesting novel *cis*-regulatory modules. This information will no doubt provide valuable basis for a biologist to generate new hypothesis in his/her research. The last feature is that we have integrated UCSC genome browser into our database. This guarantees access to important genome browser features and simultaneous availability of other genome browser tracks (annotated RefSeq gene, conservation, regulation and other tracks). In addition, the UCSC genome browser interface is familiar to biologists world-wide and requires minimal training to use.

Supplementary Data
==================

[Supplementary data](http://database.oxfordjournals.org/lookup/suppl/doi:10.1093/database/bat007/-/DC1) are available at *Database* online.
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